The two-tone sequence (ABA_), which comprises two different sounds (A and B) and a silent gap, has been used to investigate how the auditory system organizes sequential sounds depending on various stimulus conditions or brain states. Auditory streaming can be evoked by differences not only in the tone frequency ("spectral cue": DF TONE , TONE condition) but also in the amplitude modulation rate ("AM cue": DF AM , AM condition). The aim of the present study was to explore the relationship between the perceptual properties of auditory streaming for the TONE and AM conditions. A sequence with a long duration (400 repetitions of ABA_) was used to examine the property of the bistability of streaming. The ratio of feature differences that evoked an equivalent probability of the segregated percept was close to the ratio of the Q-values of the auditory and modulation filters, consistent with a "channeling theory" of auditory streaming. On the other hand, for values of DF AM and DF TONE evoking equal probabilities of the segregated percept, the number of perceptual switches was larger for the TONE condition than for the AM condition, indicating that the mechanism(s) that determine the bistability of auditory streaming are different between or sensitive to the two domains. Nevertheless, the number of switches for individual listeners was positively correlated between the spectral and AM domains. The results suggest a possibility that the neural substrates for spectral and AM processes share a common switching mechanism but differ in location and/or in the properties of neural activity or the strength of internal noise at each level.
Introduction
In natural acoustic environments, the auditory system analyzes incoming complex sounds and organizes their components into auditory objects or streams to make sense of the current auditory scene. The auditory streaming paradigm has been widely used to study the sequential organization of incoming components in the auditory system (van Noorden, 1975; Bregman, 1990; Moore and Gockel, 2012) . With the repeated ABA_ sequence, where A and B represent two tones with different frequencies and "_" represents a silent gap, van Noorden (1975) showed that listeners tended to perceive a single coherent stream ("ABA_ABA_ …") when the frequency difference between the A and B tones was small (or the presentation rate was slow). On the other hand, listeners tended to perceive two distinct streams (a fast-tempo "A_A_A_A_ …" and a slow-tempo "_B____B___ …") when the frequency difference was large (or the presentation rate was fast). In the present study, the former percept is referred to as a one-stream percept (S1) and the latter is referred to as a two-stream percept (S2). A large number of studies have examined how auditory streaming depends on the difference in frequency between the A and B (referred to as the "spectral cue"), but auditory streaming can also be evoked by other cues, such as a difference in the fundamental frequency of bandpass filtered harmonic complexes with unresolved harmonics and a difference in amplitude modulation (AM) rate of two sounds that produce almost identical long-term excitation patterns (Grimault et al., 2002; Dolle zal et al., 2012; Szal ardy et al., 2013) . The cue based on AM rate difference is referred to here as the "AM cue". Several studies reported that neural activity is correlated with auditory streaming based on such temporal cues (Gutschalk et al., 2007; Klump, 2009, 2011; Dolle zal et al., 2014) .
Spectral cues have a strong influence on auditory streaming and this perceptual predominance can be accounted for by peripheral channeling theory (Hartmann and Johnson, 1991) . According to this theory, a one-stream percept occurs if the two sounds have highly overlapping excitation patterns (excite the same peripheral channels), while a two-stream percept occurs if the sounds produce excitation patterns with little or no overlap. Several perceptual (Rose and Moore, 2000) , physiological (Fishman et al., 2001 (Fishman et al., , 2004 Klump, 2004, 2005) and modeling studies (Beauvois and Meddis, 1996; McCabe and Denham, 1997 ) support this idea, not only for peripheral excitation pattern but also at multiple levels of the auditory pathway.
Recently, several studies have explored the neural basis of auditory streaming by taking advantage of the bistable characteristic of stream perception. Prolonged exposure to a repeated ABA_ sequence often produces stochastic perceptual switching between S1 and S2 without any change in the stimulus (Denham and Winkler, 2006; Pressnitzer and Hupe, 2006; Kashino and Kondo, 2012; Kondo et al., 2012) . This phenomenon provides key information about how the brain organizes sequential sounds, because changes in neural activity in response to the unchanged stimulus can reflect the change in stream perception. Several studies using this approach have reported that auditory streaming involves widely distributed neural sites, including both subcortical and cortical areas (Gutschalk et al., 2005; Winkler et al., 2005; Pressnitzer et al., 2008; Kondo and Kashino, 2009; Schadwinkel and Gutschalk, 2011; Kashino and Kondo, 2012; Yamagishi et al., 2016) .
Studies concerning channeling theory or the bistability described above have typically examined a single cue, mostly the spectral one. Therefore, the extent to which the findings of the studies are specific to the cue examined or can be generalized to a streaming percept evoked by various cues remain unclear. The effects of cue difference on auditory streaming have been compared for spectral and fundamental frequency cues and spectral, location, and AM cues (Szal ardy et al., 2013) . However, the former study did not focus on the channeling theory or bistability properties, and the latter study did not compare the effects of cue difference on bistability properties at compatible perceptual ambiguity.
The present study examined the relationship between the perceptual properties of auditory streaming based on spectral and AM cues. The principal aim was to explore differences and similarities in cue-dependent effects on auditory stream perception. First, we examined how well the difference in internal representation of a feature could explain the ratio of S1 and S2 percepts, as hypothesized in the channeling theory. We assumed that the "perceptual distance" for each domain is associated with the difference in the internal representation of a feature and is determined by the bandwidths of the auditory and modulation filters. The modulation filter bank is a set of channels in the modulation domain. It is considered to be located at a higher level relative to the peripheral level at which the auditory filter bank is assumed to be located (Dau et al., 1997; Ewert and Dau, 2000; Sek and Moore, 2003; Moore et al., 2009 ). These studies indicated that the modulation filters are about three to five times broader than auditory filters, when the bandwidth is expressed relative to the center frequencies. Assuming that perceptual distance is related to bandwidth (a change of one bandwidth representing a fixed perceptual step), a given perceptual difference would require a larger separation on a logarithmic scale in the AM domain than in the spectral domain. Furthermore, assuming that the S1/S2 ratio is monotonically related to perceptual difference, the perceptual difference should be the same for the AM and spectral domains if the S1/S2 ratio is the same for the two domains. Second, we compared the number of perceptual switches between the spectral and AM domains at compatible perceptual ambiguity to assess the relationship between the properties of auditory bistability in the two feature domains.
Materials and methods

Listeners
Fourteen adults with normal hearing participated in the experiment. They ranged in age from 21 to 39 years (mean ¼ 33, twelve females and two males). The experimental protocols were approved by the Research Ethics Committee of Nippon Telegraph and Telephone (NTT) Communication Science Laboratories. All listeners gave written informed consent prior to the experiment.
Stimuli
We used two types of stimuli ( Fig. 1 ). One was a sequence of pure-tone bursts (TONE condition). The other was a sequence of sinusoidally amplitude-modulated tones (AM condition). For both conditions, the stimuli consisted of four hundred repetitions of the ABA_ sequence in one trial. The duration of one cycle of the ABA_ sequence was 440 ms. The duration of each signal was 50 ms, including 10-ms rising and falling raised-cosine ramps. The silent interval between A and B tones within a triplet was 60 ms. The duration of the silent gap (_) between ABA triplets was 170 ms.
For the TONE condition, the A-tone frequency was fixed at 600 Hz. The frequency difference (DF TONE ) between A and B was varied from two to ten semitones in two-semitone steps. Specifically, frequencies of the B tone were 673, 756, 849, 952, or 1069 Hz.
An example of an ABA_ sequence for the eight-semitone DF TONE condition is illustrated in Fig. 1A .
For the AM condition, the stimulus was a 100% sinusoidally modulated sinusoidal carrier (frequency: 4 kHz). The AM rate of the A signal was fixed at 60 Hz. The AM rate difference (DF AM ) was varied from 0.5 to 2.5 octaves in half-octave steps. Specifically, AM rates of the B signal were about 85, 120, 170, 240, or 339 Hz. An example of an ABA_ sequence for the two-octave DF AM condition is illustrated in Fig. 1B .
The step sizes for the two conditions were determined by considering the ratio between the bandwidths of the auditory and modulation filters. We chose two-semitone steps for the TONE condition and half-octave (six-semitone) steps for the AM condition because the bandwidth of the modulation filter is at least three times wider than that of the auditory filter (Ewert and Dau, 2000; Sek and Moore, 2003; Moore et al., 2009) . We calculated the ERB (equivalent rectangular bandwidth; Glasberg and Moore, 1990 ) of the auditory filter centered at the carrier frequency (4 kHz) of the A and B signals in the AM condition. Except for the 2.5-oct DF AM condition, sideband components (F c ± F m ) were expected to fall within one ERB at around 4 kHz. Thus the amplitude fluctuation rather than the spectral difference was the principal cue in the AM condition. It should be noted, however, that the AM depth at the output of the auditory filter centered at 4 kHz would be somewhat reduced for the two highest AM rates due to attenuation of the sidebands relative to the carrier.
The stimuli were generated digitally with a sampling rate of 44.1 kHz and converted to analog signals by an audio interface (Roland, UA-25EX). The output signals were presented to the listeners' right ear via Sennheiser HDA200 headphones. The Aweighted sound pressure level of the stimulus was 75 dB for both conditions.
Procedure
Listeners were instructed to press the corresponding key whenever they experienced perceptual switching (S1 to/from S2) throughout the trial. The "1" and "2" keys were assigned to onestream percept (switching to S1 from S2) and two-stream percept (switching from S1 to S2), respectively. The duration of one trial was about 176 s. Listeners took part in five trials for each condition. One listener (listener 1 or L1 in the figures and Table 1 ) took part in four trials for several conditions (DF TONE ¼ 2, 4, 8, 10 semitones, DF AM ¼ 0.5, 1.5, 2, 2.5 oct) due to limited availability. Conditions were tested in a random order. The experiment was conducted in a sound-attenuating room.
Analysis
First, we calculated the time course of two-stream probability for each listener and obtained grand averaged two-stream probabilities (P 2 ) for each feature difference (i.e., DF TONE or DF AM ). Second, we plotted P 2 as a function of the feature difference and linearly interpolated to give P 2 growth functions for the two conditions. We used the interpolated functions to find pairs of values of DF TONE and DF AM that would result in a given P 2 value, i.e. that were perceptually equivalent. The obtained pairs were used to compare the feature differences required for assumed equal perceptual distances between the two cue domains.
We also compared the properties of perceptual switching between the TONE and AM conditions. The number of switches was plotted as a function of the ambiguity index (Deike et al., 2015) , defined by ambiguity index ¼ 1 À ðjðP 1 À P 2 Þ=ðP 1 þ P 2 ÞjÞ and assuming that P 2 ¼ 1 À P 1 , this equation can be written more simply,
where P 1 and P 2 denote the probabilities of S1 and S2, respectively. The ambiguity index has a possible range from 0 to 1, with 1 indicating maximum ambiguity and 0 indicating the minimum ambiguity. The former occurs when the probabilities of two percepts are balanced (P 1 ¼ P 2 ¼ 0:5Þ, and the latter occurs when the one of the two percepts is completely dominant (P 1 ¼ 1; P 2 ¼ 0 or P 1 ¼ 0; P 2 ¼ 1Þ. This analysis eliminated the influence of our arbitrary choice of feature differences and thus allowed us to compare the number of switches between the two conditions and between listeners for comparable values of perceptual ambiguity. The regression coefficients between the number of switches and the ambiguity index were compared between the TONE and AM conditions.
The number of perceptual switches for each listener was averaged across trials for each frequency difference (DF TONE ) and each AM rate difference (DF AM ). If the number of switches was greater than the following criterion, that number was considered as an outlier. An arbitrary criterions were q 75 þ 1:5Ãðq 75 À q 25 Þ for detecting the outliers who switch abnormally quickly and q 25 À 1:5Ãðq 75 À q 25 Þ for detecting the outliers who switch abnormally slowly, where q 75 and q 25 are the 75th and 25th percentiles of the number of perceptual switches for all listeners, respectively. The q 75 and q 25 values were 22.16 and 3.48 switches for the TONE condition and 11.12 and 2.92 switches for the AM condition. The higher criteria were 50.18 switches for the TONE condition and 23.42 switches for the AM condition and the lower criteria were À35.54 switches for the TONE condition and À9.38 switches for the AM condition. As a result of this screening, the data for one listener were discarded. For this listener, the average number of switches was 104.1 for the TONE condition and 99.1 for the AM condition.
One-way repeated-measures ANOVAs were performed to examine the effect of feature difference on two-stream probability for both conditions. In all ANOVAs, we report the F values, the p values, and the partial h 2 values. The degrees of freedom for omnibus tests were adjusted by the Greenhouse-Geisser method whenever the data violated the sphericity assumption of ANOVA (Mauchly's sphericity test) (Greenhouse and Geisser, 1959) . Table 1 Individual listeners' R 2 and slope values for the regression analysis of the N. switch functions shown in Fig. 4A 
Results
AM-difference and TONE-difference induced auditory streaming
The averaged probability of S2 (P 2 ) gradually increased over several tens of seconds for both conditions (Fig. 2) . This phenomenon is called buildup of auditory streaming (van Noorden, 1975; Carlyon et al., 2001) . As the feature difference (i.e., DF TONE and DF AM ) increased, P 2 increased for both conditions (Fig. 3A) . ANOVAs showed significant main effects of DF TONE (F(4,48) ¼ 35.38, p < 0.0001, partial h 2 ¼ 0.75) and DF AM (F(4,48) ¼ 33.98, p < 0.0001, partial h 2 ¼ 0.74) on P 2 . The result for the AM condition confirms that auditory streaming can occur with minimal spectral cues.
Comparison of percept probabilities between frequency and modulation domains
On the basis of the P 2 growth functions, we derived feature differences (DF TONE and DF AM ) that would result in comparable P 2 values for the two feature domains. The growth functions for DF TONE and DF AM were linearly interpolated for P 2 ranges between 0 and 0.71 and 0 and 0.67, respectively (see Materials and Methods for details) (Fig. 3A ). Fig. 3B shows the combinations of spectral difference (DF TONE ) and AM rate difference (DF AM ) that gave the same P 2 . A straight line was fitted to the function derived by the linear regression for the P 2 range between 0 and 0.67. The line was forced to pass through the origin, (0, 0), because P 2 is expected to be zero for both conditions when there are no feature differences between A and B signals. The regression coefficient was 5.00 (R 2 ¼ 0.89) (Fig. 3B) . The fact that the slope was larger than 1 indicates that a larger feature difference (in octaves) is needed for the Grand-averaged P 2 values plotted as a function of feature difference in octaves (P 2 growth functions). The circles and squares represent the TONE and AM conditions, respectively. The error bars represent ±1 standard error of the mean. The point (0,0) was included under the assumption that P 2 is 0 when feature separation is zero. Dashed lines show estimated feature differences that would exhibit the same P 2 probability (0.5, in this example) for the two conditions (DF TONE ¼ 0.27 and DF AM ¼ 1.57 at P 2 ¼ 0.5). (B) The solid line represents the combinations of between DF TONE and DF AM that would result in comparable P 2 values. The circles mark P 2 values of 0.1, 0.2, 0.3, 0.5, and 0.6. The thick dashed line represents the regression line derived by the least squares method. The regression line was constrained to pass through the origin, since both zero spectral difference and zero AM rate difference should lead to zero perceptual difference. The regression coefficient was 5.00 and the R 2 value was 0.89. The thin dashed line has a slope of 1. AM condition than for the TONE condition to give the same P 2 . For example, DF TONE at P 2 ¼ 0.5 was 0.27, and DF AM at P 2 ¼ 0.5 was 1.57 (see dashed lines in Fig. 3A) .
Comparison of the number of perceptual switches
It is fair to assume that the number of switches depends on the degree of ambiguity of the streaming percept, which is associated with P 1 or P 2 . When P 2 ¼ 0 or 1 (i.e., the percept is S1 or S2 at all times, respectively), for example, the streaming percept is not ambiguous, and no switching should occur. When P 1 ¼ P 2 ¼ 0.5, on the other hand, the percept is ambiguous and switching should occur. However, P 2 and the number of switches are not uniquely associated with each other: frequent switching with short intervals between switches and infrequent switching with long intervals could result in the same P 2 .
We computed the ambiguity index on the basis of P 2 (Deike et al., 2015; see Materials and Methods) . Fig. 4A and B shows the relationship between the number of switches and the ambiguity index for individual listeners in the TONE and AM conditions, respectively. We refer to this relationship as the N. switch function.
Generally, the N. switch function had a positive slope. The slope varied markedly among individuals, but was generally greater for the TONE condition (14.9 ± 4.1; mean ± S.E.M.) than for the AM condition (11.0 ± 2.1; mean ± S.E.M.). Fig. 4C compares the slopes of the N. switch functions for the TONE and AM conditions. Each symbol represents one listener, and the error bars indicate 95% confidence intervals. R 2 and slope values obtained from the regression analysis are shown in Table 1 . A paired t-test showed that the slope of the N. switch function was greater for the TONE condition than for the AM condition (p ¼ 0.042). This indicates that the stream percept switched more frequently for the TONE condition. The Pearson correlation coefficient between the slopes was 0.91 (p ¼ 0.00003). This indicates that the frequencies of perceptual switches were strongly correlated between conditions (listeners who exhibited a large number of switches for the TONE condition tended to exhibit a large number of switches for the AM condition).
Discussion
The two-stream probability (P 2 ) increased with increasing difference in the AM rate between the A and B signals. This is consistent with previous studies that examined streaming based solely on an AM rate difference (Grimault et al., 2002; Dolle zal et al., 2012; Szal ardy et al., 2013) .
The feature separation in the AM condition (i.e., DF AM ) required to produce a given value of P 2 was greater by a factor of 5 (see Fig. 3B ) than for the TONE condition (i.e., DF TONE ). This result was in the expected direction, given that resolution of the AM rate for the modulation filters is generally coarser than that of the tone frequency for the auditory filters when compared on a logarithmic scale. The difference between the spectral and AM domains can be explained by the concept of a modulation filter bank (Dau et al., 1997; Ewert and Dau, 2000; Sek and Moore, 2003; Moore et al., 2009) . It has been reported that the Q-value of the modulation filter typically falls within the range 1e2, or less than 1 (Wojtczak and Viemeister, 2005) . In contrast, the Q-value of the auditory filter ranges roughly between 5 and 6.5 (derived for the range of tone frequencies used in the present study, based on Glasberg and Moore, 1990) . Therefore, the ratio of the Q-values of the auditory and modulation filters is about 5. This value is close to the factor (DF AM /DF TONE ) of 5 found in the present study. Thus, the difference in physical separation required for equal perceptual distance for auditory streaming between spectral and AM domains can be accounted for by the difference in the sharpness of the auditory and modulation filters. This result is consistent with the channeling theory. It should be noted, however, that the "channeling" for the modulation domain is a central process, since the modulation filters are not located in the periphery.
The highest center frequency of the modulation filters has been estimated to be about 120 Hz (Moore et al., 2009) . Therefore, there may be no modulation filters tuned to the three higher AM rates (170, 240, and 339 Hz) used in the AM condition, which may weaken the arguments in terms of the relative bandwidths of the auditory filters and modulation filters. Nevertheless, our results showed that the feature differences required to produce equal P 2 were well correlated below at least about two-octave AM rate difference.
At comparable feature separations between the TONE and AM conditions (i.e., the same ambiguity index), perceptual states changed more frequently in the spectral domain than in the AM domain. This indicates that channel separation alone cannot explain the properties of auditory bistability in the two feature domains and suggests that the mechanism underlying switching is different between or sensitive to the cue domains. On the other hand, there was a strong inter-individual correlation of switching rates between the spectral and AM domains (Fig. 4C) . These findings are comparable to those of Sheppard and Pettigrew (2006) for bistability in the visual modality (see Sterzer et al., 2009 for a review of bistable phenomena). They reported a strong correlation between the number of switches for bistability in binocular rivalry (BR) and plaid motion rivalry (PMR), but the number of switches was larger during BR than PMR. Sheppard and Pettigrew (2006) speculated that a difference in the properties of the neural substrates that mediate the various perceptual phases of BR and PMR might contribute to the difference in the switching rate. They also suggested that these neural substrates are subject to a common switching mechanism because of the strong correlation between the switching rates and they proposed an oscillatory brainstem network as the common switching mechanism (Pettigrew, 2001; Carter and Pettigrew, 2003) . A similar explanation may apply to the present findings: the neural substrates for processing spectral and AM information might share a common switching mechanism but might differ in location and in the properties of neural activity (for example, adaptation) or the strength of internal noise.
Interpretation of the results of Sheppard and Pettigrew (2006) is generally difficult because of marked differences between BR and PMR in the stimulus structure, the experimental task, and perceptual ambiguity. The present study is advantageous in that it compared the number of switches for different features under the same experimental procedures and under conditions with similar percept probability.
In the present study, we examined the effect of feature differences (DF TONE and DF AM ) on the perception of auditory streaming with a fixed presentation rate (stimulus onset asynchrony was 110 ms). It should be noted, however, that stream segregation based on spectral difference is promoted by increasing the presentation rate (van Noorden, 1975; Denham and Winkler, 2006) . The effect of presentation rate on auditory streaming based on AM cues has not been systematically studied. Further experiments are needed to clarify the extent to which the conclusions of the present study can be generalized to a range of presentation rates. Mill et al. (2013) proposed a model of auditory scene analysis that seeks temporally predictable patterns in the ongoing sounds and creates hypotheses of temporal links between incoming events on the basis of the predicted patterns. A conflict between these hypotheses causes switching between perceptual organizations. One possible interpretation of the present result within this framework is that the hypotheses created by the predictable temporal patterns are more stable for the AM domain than for the spectral domain. This implies that the formed hypotheses may be stronger for AM domain or that the conflict between hypotheses may be weaker for AM domain. However, the present study did not focus on the predictability of temporal patterns in the repeated ABA_ sequence, and it used only two categories for stream perception (integrated or segregated). Several studies have suggested that the listeners' percept should be assessed using a wide range of forms of perceptual organizations (AB__, _BA_ and A___ as well as ABA_ …, A_A_ and _B___) (Denham et al., 2014; Farkas et al., 2016) . Further experiments are needed to clarify the effect of different cue domains on perceptual organization of incoming sounds based on predictive processes.
In summary, the present study showed that the ratio of feature differences that evoked an equivalent P 2 value for the spectral and AM domains was consistent with the ratio of the Q-values of the auditory and modulation filters. This indicates that the ratio of integrated and segregated percepts can be explained by the ratios of the channel bandwidths of the auditory and modulation filters. The present study also examined the number of perceptual switches in auditory streaming. There was a strong inter-individual correlation of the number of switches between the spectral and AM domains. On the other hand, the number of switches differed between the two domains. These findings suggest that the perceptual switching mechanism is shared by the spectral and AM domains, but the sensory inputs from the spectral and AM processing stages differently affect the switching mechanism.
